Introduction
Poly(ethylene oxide) (PEO) is the quintessential biocompatible polymer. Due to its ability to form hydrogen bonds, it is soluble in water, and yet is uncharged and relatively inert. It is being investigated for use in a wide range of biomedical and biotechnical applications, including the prevention of protein adhesion (biofouling), controlled drug delivery, and tissue scaffolds. PEO has also been proposed for use in novel polymer hydrogel nanocomposites with superior mechanical properties. However, the phase behavior of PEO in water is highly anomalous and is not addressed by current theories of polymer solutions. The effective interactions between PEO and water are very concentration dependent, unlike other polymer/solvent systems, due to water-water and water-PEO hydrogen bonds. An understanding of this anomalous behavior requires a careful examination of PEO liquids and solutions on the molecular level.
We performed massively parallel molecular dynamics simulations and selfconsistent Polymer Reference Interaction Site Model (PRISM) calculations on PEO liquids. We also initiated MD studies on PEO/water solutions with and without an applied electric field. This work is summarized in three parts devoted to:
1.
A comparison of MD simulations, theory and experiment on PEO liquids 2.
The implementation of water potentials into the LAMMPS MD code
3.
A theoretical analysis of the effect of an applied electric field on the phase diagram of polymer solutions.
I. Introduction
Poly(ethylene oxide) (PEO) is a water soluble polymer that has many important technological applications. It is widely used as a drag reducer 1 in the flow of water in pipes. It has also found applications as a polymer electrolyte 2 . Perhaps the most important applications of PEO are biological since PEO is biocompatible with human blood and tissue 3 . Because of its importance, PEO has been the subject of numerous theoretical [4] [5] [6] [7] [8] [9] [10] and simulation studies [11] [12] [13] [14] [15] [16] [17] .
PEO displays a closed loop phase diagram with water as a result of hydrogen bonding. PEO in aqueous solution has been modeled with various mean field theories [4] [5] [6] [7] [8] [9] to include the effect of hydrogen bonding. Using the associating fluid approach of Semenov and Rubinstein 10 , Dormidontova 9 developed a mean field theory that treats both polymer/water and water/water hydrogen bonds. This theory predicts a closed loop phase diagram in good agreement with experiment.
Various force fields have been developed 12, [13] [14] [15] [16] [17] [18] for PEO based on quantum calculations and the structure of PEO liquids has been studied in several 12, 14, 15, [19] [20] [21] molecular dynamics (MD) simulations. Wide angle neutron scattering has been employed in two studies 20, 21 to probe the packing of PEO liquids. Smith, Bedrov and coworkers 11 have performed MD simulations of PEO in aqueous solution. Muller-Plathe and van Gunsteren 16 performed simulations of PEO in the presence of lithium ions. Small angle 19 neutron scattering measurements have been carried out to investigate the structure and chain dimensions of PEO/LiI solutions.
In the present investigation we performed Polymer Reference Interaction Site
Model (PRISM) calculations 22 and MD simulations on PEO liquids on an atomistically realistic, explicit atom model using the force field of Smith, Jaffe, and Yoon 18 (SJY). The focus of this work was to test the agreement between theory, simulation, and experiment for the intermolecular pair correlation functions and structure factors. In previous investigations 23, 24 theoretical calculations and MD simulations of poly(dimethyl siloxane) (PDMS) liquids were carried out using united atom and explicit atom force fields, with and without partial charges. Surprisingly, it was found that even though the partial charges were of moderate magnitude, they had only a minor effect on the liquid structure and chain dimensions of PDMS. In this investigation we also examined the effect of partial charges on the structure of PEO liquids. In the next section we briefly describe the application of self-consistent PRISM theory and MD simulation to PEO liquids. In Section III we compare theory and simulation in the absence of charge. We then use MD simulation to examine changes in liquid structure and chain dimensions when the partial charges in the SJY force field are turned on. Finally we compare our theoretical calculations to wide angle neutron scattering results of Annis and coworkers 20 for both the total structure factor and the intermolecular correlations between H atoms in PEO liquids.
II. Theory and Simulation
A. PRISM Theory 
where the total correlation function is defined as †
and † r a is density of atoms of type a. The generalized Ornstein-Zernike equation can be viewed as a definition of the six direct correlation functions † C ag (r). In this work we approximate these direct correlation functions using the Percus-Yevick closure The SJY force field 18 represents the nonbonded interactions with an exponential-6
and Coulombic potential of the form †
where K c =332.08 when the charges are turned on. The exp-6 potential in eq 5 is nonmonotonic in the repulsive regime and has a maximum at a separation r*. In the MD simulations, separations r<r* are never accessed and this cutoff is not relevant since V(r*)/k B T is very large for the PEO model studied here. However in our PRISM calculations, single chain Monte Carlo simulations using the pivot algorithm 33 are employed and it is important to apply a cutoff r* at short distances so that no two atoms overlap. The parameters for PEO are given in Tables 1 and 2 
where the structure factors are defined according to
Thus in our single-chain Monte Carlo simulation, the chain is subject to the pair potential † v ag (r) consisting of the bare, excluded volume repulsive potential of eq 6, and the attractive solvation potential in eq 7 due to the other chains. †
A first approximation is to make use of the When we carry out the single-chain Monte Carlo simulation, as well as, our full MD simulations we use the intramolecular potentials from the SJY force field. The bond stretching and bending potentials are taken to be harmonic †
and the parameters were taken from reference 18. Our torsional potentials have the form †
and the torsional parameters were extracted from the SJY force field 18 and are listed in Table 3 . integrator (RESPA) so that forces were calculated for every time step for bonded interactions, every two time steps for three and four body interactions, and every four time steps for exp-6 and Coulombic interactions. The long range Coulombic forces were calculated with a particle -particle/particle -mesh Ewald algorithm 38 . The simulations were run at constant density of 0.1010/A 3 and the temperature was controlled with a Nose-Hoover thermostat using a coupling frequency of 0.02 fs -1 .
III. Results and Discussion
Self-consistent PRISM calculations were carried out for PEO liquids at 318K
consisting of chains of 15 monomers (105 atoms) at a density of 0.1010 atoms/A 3 . The partial charges were turned off and only the repulsive branch of the exp-6 potential was used in the PY closure. MD simulations were also performed on this same system using the full exp-6 potential of eq 5 (K c =0). Six independent intermolecular radial distribution functions between CC, HH, OO, CO, OH, and CH pairs of sites are needed to completely characterize the packing. 
where we use the repulsive exp-6 potential defined in eqs 5 and 6. Based on the SJY effect on the root-mean-square radius of gyration R g . In Table 4 good agreement is seen in the R g from MD and PRISM when the charges are turned off. Table 4 MD ( The dramatic increase in R g due to the charges presumably arises from long-range, Coulombic repulsions between like charges along the PEO chain backbone. From Table 2 it can be seen that the both the C and O backbone atoms are negatively charged whereas 
Results are shown in Figure 6 based on the MD simulations. As can be seen the charge density is oscillatory with each atom on a given chain surrounded by positive charge in the 2.5 -3.2 A regime due to the H atoms from other chains. The charge density changes Wide angle neutron scattering has been used to study the structure of fully deuterated PEO liquids by two groups 20, 21 . In Figure 7 we show the structure factor H(k) of PEO at 363K reported by Annis et al 20 defined according to †
where † denominator normalizes the scattering to a monomer basis. The coherent scattering lengths for C and O in natural abundance, and H 2 were taken from reference 40. We performed self-consistent PRISM calculations for PEO liquids of 54 monomers at T=363K at the experimental density of 0.103 atoms/A 3 . As before, the charges were turned off in the PRISM calculation. The scattering intensity I(k) was calculated from †
using the partial structure factors defined in eq 8. Eq 13 was then employed to obtain an estimate of H(k). A comparison of PRISM theory with the neutron scattering experiments is shown in Figure 7 . The differences between theory and experiment are due to inaccuracies of the theory and the SJY potentials, but are primarily due to the effect of omitting the partial charges in the PRISM calculation. Also shown in Figure 7 are MD simulations reported in reference 20 using the full SJY force field. Note that as in the case of the g(r)'s in Figures 4 and 5 , the inclusion of charges in the MD simulation leads to additional structure in H(k) relative to the theory. Refinements were made to the SJY This comparison is shown in Figure 8 as the Fourier transform of the total correlation function † h HH (r) = g HH (r) -1 (15) As in the case of the total structure factor H(k), we likewise see that PRISM theory predicts less structure than experiment for the HH correlations. 
21
Also shown in Figure 8 is the MD simulation reported in reference 20 with the full SJY force field. In view of our earlier results it is not surprising that PRISM theory, with no charges, also predicts less structure in † ˆ h HH (r)than the MD simulation with charges.
IV. Conclusions
Our main finding in this study is that the partial charges surrounding the atoms have 
The model
The TIP4P potential is for a 4-site water model, in which the charge due to the oxygen atom is displaced off of the oxygen atom by a small amount The clearest way to calculate the virial for TIP4P is to use the formula (3) summed over all atoms. LAMMPS calculates the virial this way when using Newton's third law for the nonbonded forces. It is then necessary to do step 5 as a separate step in order to correctly calculate the virial using this formula. This is due to the way LAMMPS handles "ghost" atoms which are outside the box owned by a particular processor. Basically, in calculating the virial the sum over atoms is done over both normal and ghost atoms. When we redistribute forces to the H atoms, we must make sure that the force is stored in the correct copy of the H atom for the given processor, so that the force is then added correctly in the virial. Since the number of copies of an atom varies depending on the number of nodes used and the cutoffs, the way to ensure we get the right copy is to only make additions to the force array for atoms currently being looped over. Thus, even though we calculate the forces between site M and some other site in steps 2 and 3, the atoms in the i,j loop at that point that go with site M are oxygen atoms, not H atoms. If we distribute the force to the H atoms at the same time as to the O atoms in step 4, the forces and thus the dynamics will be correct but the virial will be added incorrectly, due to adding some of the H atoms to the incorrect copies of those atoms. Hence we must recalculate the force in step 5 if we want to obtain the correct virial and hence the correct pressure.
Besides the force routines, a couple of other files required modification:
1. thermo.f: We modified thermo.f in order to obtain the correct energies for the TIP4P model. In the calculation of the Coulomb energy in the subroutine energy, once again if atom i or j is a water oxygen, we use the routine findM to find the coordinates of site M, which is then used in the calculation of the Coulomb energy.
2. pppm.f: The calculation of the long-range Coulomb forces by the pppm method required adjustments for site M. In the subroutine pppm, to convert the electric field to a force on atoms required distribution of that force, which acts on site M, back to the corresponding O and H atoms. The formulas all follow from the corresonding calculations in force.f. In the subroutines particle_map and make_rho, we use the location of site M to set up the potential and charge density fields for the Poisson solver (rather than the location of the water O atoms).
Finally, in electric_field we also find site M for the interpolation of grid values to get the electric field acting on the charged atoms.
3. Bookkeeping: the PEO/water force field was added as nonstyle==8, with appropriate changes and calls to the new force field in start.f, input.f, integrate.f, etc.
Results
To verify that the force field was implemented correctly, we did two simulations.
A system of 1000 water molecules was created by randomly placing molecules in a box with a density of roughly 1 g/cc. After pushing off with a soft potential, the nonbond interactions were turned on. Interactions were cutoff at 9 Å, the two bonds and one angle were held fixed using SHAKE, and we used a timestep of 1.8 fs. Running in the NPT ensemble at T = 298 K and P = 1 atm, we get an average density of r = 0.998 ± 0.002 g/cc, compared to literature values for TIP4P of r = 0.999 g/cc 1 or r = 1.001 g/cc 3 . We find an average potential energy per molecule of -9.83 kcal/mol, compared to the literature value of -10.07 kcal/mol 1 .
Finally, we did an NVT run to calculate the intermolecular radial distribution functions at 298 K and a density of r = 0.996 g/cc. These are shown in Fig. 1 . The g(r)
compare favorably with previous results from the literature 1,3 .
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Fig. 1: Intermolecular correlation function g(r) for TIP4P water (r is in Å).

Part 3 The Effect of an Electric Field on the Phase Behavior of a Flory-Huggins Polymer Solution
Consider a polymer solution that we describe by the mean-field, Flory-Huggins theory 1 . The Helmholz free energy of mixing A 0 , in the absence of any external fields, is given by
where N is the degree of polymerization, f is the volume fraction of polymer and c is the Flory-Huggins polymer/solvent interaction parameter
where k is the osmotic compressibility of polymer and V is the total volume of the system. If we substitute eq 10 into eq 9 we obtain † 
Note that the shift in spinodal temperature is very small because the volume V in eq 11 is of macroscopic size. However, as the critical temperature is approached, the osmotic compressibility k becomes very large. Thus we expect a uniform electric field will have a negligible effect on the phase diagram of a polymer solution, except at the critical point.
Let us now investigate the behavior of the ratio † k /V near the critical point.
Consider a polymer in a vacuum solvent. The structure of the polymer in this solution can be computed from PRISM theory 4 . An analytical solution of PRISM theory can be 37 obtained when the polymer is treated as a thread with a statistical segment length s.
Within this approximation we can write the structure factor as †
where k is the wave vector and x is a correlation length for the concentration fluctuations.
In the limit of zero wave vector, the structure factor is simply related to the compressibility k and concentration r of the system † k =ˆ S (0) k B Tr = 12 x /s ( ) 2 k B Tr (13) As the critical point is approached the correlation length diverges and † 
